Glutamate transporters clear glutamate from the extracellular space by high-affinity binding and uptake. Factors that regulate glutamate transporter expression and activity can thereby influence excitatory neurotransmission. Transporter function in GABAergic and other systems has been shown to be regulated by transporter substrates. Here, glutamate regulation of glutamate transport was studied using primary murine astrocyte cultures that express the GLAST (EAAT1) and GLT-1 (EAAT2) transporter subtypes. Glutamate was found to stimulate glutamate transport capacity (V max ) in a dose-and time-dependent manner. The maximal increase was 100%, with an ED 50 of 40 M glutamate and with onset beginning ϳ15 min after onset of glutamate exposure. The uptake stimulation was reproduced by D-aspartate, which is also a transporter substrate, but not by nontransported glutamate receptor agonists. Moreover, glutamate incubation did not stimulate transport when performed in a sodium-free medium, suggesting that the stimulatory effect of glutamate is triggered by increased transporter activity rather than receptor activation. Treatment with the actin-disrupting agents cytochalasin B or cytochalasin D prevented the glutamate-induced increase in glutamate uptake. Biotinylation labeling of membrane surface proteins showed that glutamate incubation produced an increase in GLAST expression at the astrocyte cell surface. These results suggest that cell-surface expression of GLAST can be rapidly regulated by glutamate through a process triggered by GLAST activity and involving the actin cytoskeleton. This feedback loop provides a mechanism by which changes in extracellular glutamate concentrations could rapidly modulate astrocyte glutamate transport capacity.
Glutamate is the major excitatory neurotransmitter of the mammalian C NS (Fonnum, 1984) . Glutamatergic transmission is ultimately terminated by binding of glutamate to its transporters and subsequent glutamate uptake (Robinson and Dowd, 1997) . Glutamate uptake is accomplished primarily by a family of Na ϩ -dependent, high-affinity glutamate transporters. Five subtypes of these transporters have been identified, EAAT1-EAAT5, and these have differing regional, cellular, and developmental distributions (Robinson and Dowd, 1997; Gegelashvili and Schousboe, 1998) . Although glutamate transporters are present on both neurons and astrocytes, uptake by astrocytes appears to dominate in brain (McLennan, 1976; Rothstein et al., 1996) . Astrocytes in mammalian forebrain express only the EAAT1 (GL AST) and EAAT2 (GLT-1) subtypes, with GL AST and GLT-1 denoting the rat homologs that were first cloned and described (Rothstein et al., 1994; Swanson et al., 1997; Gegelashvili and Schousboe, 1998) .
Glutamate uptake is regulated at several levels. E xpression of transporter protein is regulated by cAM P, neuronal factors, and in response to various brain injuries (Gegelashvili et al., 1996; Robinson and Dowd, 1997; Swanson et al., 1997; Gegelashvili and Schousboe, 1998; Schlag et al., 1998) . The activity of expressed transporters can be regulated by phosphorylation (C asado et al., 1993) , sulfhydryl oxidation (Trotti et al., 1997) , Zn 2ϩ (Vandenberg et al., 1998) , arachidonic acid (Zerangue et al., 1995) , and other factors. In addition, at least some glutamate transporter subtypes can transit between the intracellular compartment and the membrane surface. EAAT3 has been shown to move to the membrane surface in C6 glioma cells after phorbol estermediated protein kinase C (PKC) activation (Davis et al., 1998) , whereas astrocyte GLAST accumulation at the membrane may be inhibited by phorbol ester . In both instances, the changes in membrane localization of transporter correlate with changes in glutamate transport activity.
In the present study we show that in primary mouse astrocyte cultures expressing both GLT-1 and GLAST glutamate transporter subtypes, preincubation with glutamate produces a rapid and dose-dependent increase in glutamate uptake activity. This effect is triggered by glutamate transport itself, rather than by activation of glutamate receptors. The increase in activity is associated with an increase in cell-surface expression of GLAST and is blocked by inhibitors of actin polymerization. These results suggest a feedback loop whereby extracellular glutamate concentrations could rapidly influence astrocyte glutamate uptake capacity.
Part of this work has been published previously in abstract form (Duan et al., 1998) .
MATERIALS AND METHODS
Immunopure immobilized monomeric avidin and sulfo-N HS-biotin were purchased from Pierce (Rockford, IL). Genistein, CF-109203X, trans-(Ϯ)-1-amino-1,3-cyclopentanedicarboxylic acid (t-AC PD), L(ϩ)-2-amino-4-phosphonobutyric acid (L-AP4), ( S)-4-carboxyphenylglycine (4-C PG), and 1-(5-isoquinolinesulfonyl)-2-methylpiperazine (H7) were purchased from RBI (Natick, M A); 6-cyano-7-nitroquinoxaline-2,3-dione (C NQX), L-trans-pyrrolidine-2,4-dicarboxylate (t-PDC), and ␣-methyl-4-carboxyphenylglycine (MC PG) were purchased from Tocris (Ballwin, MO); and 1,2-bis(2-aminophenoxy)ethane-N,N,N,N-tetraacetic acid acetoxymethyl ester (BAP TA AM) was purchased from Molecular Probes (Eugene, OR). All other reagents were obtained from Sigma (St. L ouis, MO) except where noted.
Cell culture preparation. Primary murine cortical astrocyte cultures were prepared as described previously (Swanson and Seid, 1998) . Tissue harvest was performed in accordance with National Institutes of Health guidelines in a manner that minimized animal suffering. In brief, cortices were harvested from 1-d-old mice (Simonsen, Gilroy, CA) under deep isofluorane anesthesia. The cortices were dissociated in papain / DNase, plated in 24-well tissue culture plates in Eagle's M EM containing 10% fetal bovine serum (FBS) (Hyclone, Ogden, UT), and 2 mM glutamine, and maintained at 37°C in a 5% C O 2 incubator. At confluence (day 12-15), the cultures were treated for 48 hr with 10 M cytosine arabinoside to prevent proliferation of other cell types, and the medium was replaced with M EM containing 2 mM glutamine, 3% FBS, and 0.15 mM dibutyryl cAMP to induce differentiation (Sensenbrenner et al., 1980; Swanson et al., 1997) . The astrocyte cultures formed a confluent layer of process-bearing, glial fibrillary acidic protein (GFAP)-positive cells. Each study was repeated on cells from at least two different batches of astrocyte cultures at 28 -35 d in vitro.
E xperimental procedures. Incubations and uptake assays were performed in room air, 37°C, using a balanced salt solution (BSS) containing (in mM): NaC l 135, KC l 3.1, C aC l 2 1.2, MgSO 4 1.2, K H 2 PO 4 0.5, PI PES 5, and glucose 2. pH was adjusted to 7.2 with NaOH. Osmolarity was measured with a vapor pressure osmometer (Wescor, Ogden, UT) and adjusted to 285-315 mOsm with water or NaC l if needed. Na ϩ -free media was prepared by replacing NaC l with choline chloride and NaOH with N-methyl-D-glucamine. C a 2ϩ -deficient medium was prepared by omitting C aC l 2 . All reagents were diluted into BSS from iso-osmolar stocks prepared in BSS or Na ϩ -free BSS. Glutamate uptake was determined after preincubation with glutamate or other agents. Preincubations were initiated 6 min after washing the cultures into 300 l of BSS. The preincubations were terminated by double washes in BSS. The cultures remained in BSS at 37°C until initiation of a glutamate uptake assay (the "wash period"). The preincubation period was 60 min, and the wash period was 6 min except where otherwise noted.
Glutamate uptake assays were initiated by adding 0.167 C i /ml 14 Cglutamate (American Radiochemicals, St. L ouis, MO) plus 100 M unlabeled glutamate to the culture wells in a final volume of 300 l. Uptake was terminated after 7 min by two ice-cold washes with 500 l BSS followed by immediate lysis in ice-cold 0.1N NaOH /0.01% lauryl sulfate. Aliquots of lysates were taken for scintillation counting and protein determinations. In separate experiments, uptake was confirmed to be linear through 10 min incubation (data not shown).
In some studies, glutamate uptake was assessed by HPLC measurements of medium glutamate concentrations. Glutamate (100 M) was added to the wells in a final volume of 300 l, and the medium was harvested 7 min later. Glutamate concentrations were determined by reversed-phase HPLC of the orthophthaldialdehyde derivatives using a fluorescence detector. Peak areas were measured with Nelson Analytical software (Norwalk, C T) and calibrated against BSS samples with known glutamate concentrations.
Biotinylation. Biotinylation of cell surface proteins was performed as described by Qian et al. (1997) and Davis et al. (1998) with some modifications. After a 1 hr preincubation period and a 6 min BSS wash period, the cultures were rinsed twice with PBS/C a-Mg containing (in mM): 138 NaC l, 2.7 KC l, 1.5 K H 2 PO 4 , 9.6 Na 2 HPO 4 , 1 MgC l2, and 0.1 CaCl 2 , pH 7.3. Cultures were then incubated in sulfo-N HS-biotin solution (1 mg /ml in with PBS/C a-Mg) for 20 min at 4°C. Biotinylation was terminated by washing twice in a quenching solution of PBS/C a-Mg in which there was an equimolar substitution of 100 mM glycine for NaC l (to maintain 300 mOsm). This was followed by an additional 45 min incubation in the quenching solution at 4°C. Quenching solution was removed, and the cells were lysed with 100 l / well of radioimmunoprecipitation assay (RI PA) buffer with protease inhibitors (100 mM Tris-HC l, pH 7.4, 150 mM NaC l, 1 mM EDTA, 1% Triton X-100, 1% sodium deoxycholate, 0.1% SDS, 1 mM iodoacetamide, 1 g /ml leupeptin, 5 g /ml aprotinin, and 250 M phenylmethylsulfonyl fluoride) for 1 hr at 4°C with vigorous shaking. The lysates were centrif uged at 14,000 ϫ g for 15 min at 4°C. Three hundred microliters of the supernatant were taken for Western analysis as the whole cell fraction. The rest of the supernatant (600 l) was incubated with 300 l avidin bead suspension for 1 hr at room temperature with gentle shaking. The avidin -lysate solution was then centrif uged for 15 min at 14,000 ϫ g, and the supernatant was taken for Western analysis as the intracellular fraction. The pellet was washed four times with 1 ml RI PA buffer and resuspended in 300 l Laemmli buffer (62.4 mM Tris-HC l, pH 7, 2% SDS, 20% glycerol, and 5% 2-mercaptethanol) for 1 hr with gentle shaking at room temperature. After centrif ugation for 15 min at 14,000 ϫ g, the supernatant was taken for Western analysis as the biotinylated (plasma membrane) fraction.
For Western analysis, the protein samples were loaded and run on a 10% SDS polyacrylamide gel. Samples were electrophoretically transferred onto poly vinylidene fluoride membranes (Boehringer Mannheim, Indianapolis, I N) and subsequently placed in blocking solution (5% skim milk /1% bovine serum albumin in 0.1 M phosphate buffer) for 1 hr at room temperature. The membranes were then transferred to a blocking solution containing polyclonal anti-actin antibody diluted 1:100 plus either polyclonal anti-GL AST antibody (0.2 ng /ml) or polyclonal anti-GLT-1 antibody (0.02 ng /ml) for 12 hr at 22°C. [The affinity-purified antibodies to GL AST and GLT-1 were kindly provided by Dr. Jeffrey Rothstein, Johns Hopkins University, and have been previously characterized (Rothstein et al., 1994; Swanson et al., 1997; Swanson and Seid, 1998) ]. The membranes were washed three times in 0.1 M phosphate buffer containing 0.1% T ween 20 (PB-T) and placed in blocking solution containing a peroxidase-labeled anti-rabbit IgG antibody (Boehringer Mannheim), diluted 1:500, for 1 hr. After three additional washes in PB-T, the resulting peroxidase signal was detected using 3,3Ј-diaminobenzidene. The resulting bands were digitized, and densitometry was performed using the N IH Image program. The signal for each lane was calculated by summing the (area ϫ (density-background)) measurements of the discrete monomer and multimer bands produced by GL AST and GLT-1.
Statistics. Statistical differences were determined by Student's t test for two-group comparisons, or by one-way ANOVA with the T ukey test for multiple comparisons among more than two groups, or by Dunnett's test when multiple groups were compared against a single control group.
RESULTS

Glutamate stimulates glutamate uptake in a dose-and time-dependent manner
Glutamate uptake under the standard assay condition of 100 M glutamate was 7.5 Ϯ 0.8 nmol per milligrams of protein per minute (n ϭ 5). Preincubation of the cultures with glutamate produced a dose-dependent increase in glutamate uptake ( Fig.  1 A) . The glutamate ED 50 was ϳ40 M, and the maximal increase in uptake rate varied from 40 to 100% among 32 independent experiments using a 60 min glutamate preincubation and a 6 min interval (wash period) before the glutamate uptake assays.
The effects of differing preincubation and postincubation periods are shown in Figure 1 . A significant increase in uptake was apparent with preincubation periods as short as 15 min but not 6 min. These intervals correspond to 21 and 12 min total elapsed time between the onset of glutamate preincubation and the initiation of glutamate uptake assays. A maximal effect was achieved within 60 min (Fig. 1 B) . The increased uptake was maintained when the wash period was extended from 6 min to 1 hr, but slowly declined between 1 hr and 7 hr (Fig. 1C) .
Eadie-Hofstee plots prepared using different glutamate concentrations during the glutamate uptake assay showed that glutamate preincubation increased the V max from 13.6 Ϯ 0.3 to 22.4 Ϯ 2.7 nmol per milligrams of protein per minute ( p Ͻ 0.01). There was also a small increase in the apparent glutamate K m, from 72.9 ϩ 0.3 to 91 ϩ 17 M, which was not statistically significant (Fig. 2) . These studies and all subsequent studies were performed using a 60 min preincubation in 100 M glutamate and a 6 min postincubation interval before beginning glutamate uptake assays. Uptake rates in sodium-free medium were Ͻ3% of normal medium at both high and low glutamate concentrations (data not shown), and consequently no correction was made for this small contribution of Na ϩ -independent uptake. HPLC measurements of glutamate in the astrocyte culture medium confirmed an increase in glutamate uptake rate after preincubation in glutamate (Fig. 3) . HPLC was used because of the possibility that extracellular 14 C -glutamate could enter the astrocytes not only with net glutamate uptake but also by heteroexchange with unlabeled intracellular glutamate (Blitzblau et al., 1996) , because intracellular glutamate concentrations are increased by glutamate preincubation. Bulk uptake of glutamate was measured by serial HPLC determinations of glutamate in the culture well media, whereas the standard 14 C -glutamate uptake measurements were performed in sister culture wells at the same time. HPLC measurement of the nominally 100 M glutamate BSS used for the uptake assays yielded a value of 104.8 Ϯ 4.2 M (n ϭ 8). The glutamate remaining after 7 min incubation in culture wells preincubated with glutamate was 83.2 Ϯ 2.0 M, a value significantly lower than the 91.2 Ϯ 2.0 M glutamate measured in wells not preincubated with glutamate (n ϭ 12, p Ͻ 0.01). As shown in Figure 3 , the glutamate-induced increase in glutamate uptake measured by HPLC was quantitatively similar to that measured by the 14 C-glutamate method in sister culture wells.
Glutamate stimulation of glutamate uptake is triggered by glutamate transport rather than by glutamate receptors
Glutamate receptor agonists and transporter substrates were tested for their ability to mimic the stimulating effect of glutamate Figure 1 . Glutamate-induced stimulation of glutamate uptake. Data are means Ϯ SEM, n Ն 6. A, Glutamate preincubation produced a concentration-dependent increase in subsequent glutamate uptake. B, Effect of varying glutamate preincubation periods. The glutamate preincubation concentration was 100 M, and the wash period (interval before glutamate uptake assay) was 6 min. C, Effect of varying intervals between glutamate preincubation and beginning of glutamate uptake assay (wash periods). The glutamate preincubation concentration was 100 M, and the preincubation period was 60 min. The HPLC and 14 C -glutamate methods of measuring glutamate uptake produced similar measures of glutamate-induced stimulation of glutamate uptake. E xperiments were performed on sister culture wells on the same day. Data are means ϩ SEM; data were pooled from two experiments. n ϭ 12; **p Ͻ 0.01. on glutamate uptake. As shown in Figure 4 A, preincubation with the ionotropic glutamate receptor agonists NMDA and kainate failed to evoke glutamate uptake increase, whereas the transporter substrate D-aspartate (D-ASP) did reproduce the glutamate effect. The apparent K m for astrocyte D-ASP uptake is higher than that of glutamate uptake (Drejer et al., 1982; R. A. Swanson and K . Farrell, unpublished observations) . Of note, the maximal effect produced by D-ASP was equivalent to the maximal effect of glutamate but required higher medium D-ASP concentrations. Preincubation with the metabotropic agonists L-AP4 and t-ACPD also stimulated uptake, but interpretation of these results is complicated by the fact that both of these agents may themselves serve as substrates for glutamate transporters (Harris et al., 1987; Ye and Sontheimer, 1998) . The metabotropic receptor antagonists MC PG and 4-C PG failed to block the stimulatory effect of glutamate when added with glutamate during the preincubation period (Fig. 4 B and data not shown) . A similar negative effect was seen with CNQX, a non-NMDA ionotropic glutamate receptor antagonist. In contrast, the glutamate transport inhibitor t-PDC did prevent the stimulatory effect of glutamate at a concentration that effectively inhibits glutamate uptake. Moreover, glutamate, D-ASP, and t-ACPD all failed to stimulate glutamate uptake activity when preincubated in Na ϩ -free medium (Fig. 4C ). Taken together, these studies suggest that stimulation of glutamate uptake by glutamate preincubation is triggered by glutamate transporter activity rather than by glutamate receptor activation.
Mammalian forebrain astrocytes express only the GLAST and GLT-1 transporter subtypes. The contribution of GLT-1-mediated uptake was assessed in glutamate-stimulated cultures by use of the GLT-1-specific inhibitor dihydrokainate (DHK) (Arriza et al., 1994; Robinson and Dowd, 1997) . As shown in Figure  5A , 1 mM DHK had only a negligible effect on uptake under basal conditions, and a similar negligible effect was seen in glutamatestimulated cells. DHK was also used to determine whether GLT-1 mediates the induction of uptake stimulation by glutamate. The uptake stimulation induced by 0.1 mM glutamate was not prevented by the presence of 1 mM DHK during the preincubation period (Fig. 5B) . These results suggest that GLT-1 does not contribute to either the increase in uptake capacity induced by glutamate preincubation or the signaling mechanism that leads to this increase. Glutamate stimulation of glutamate uptake is triggered by glutamate transport. Data are means ϩ SEM, n Ն 5; **p Ͻ 0.01. A, Preincubation with the nontransported glutamate receptor agonists kainate (K A) and NMDA did not stimulate glutamate uptake, whereas the transportable agonists t-ACPD, D-ASP, and glutamate did stimulate uptake. B, The glutamate receptor antagonists CNQX and MCPG failed to block the stimulatory effect of glutamate when added with glutamate during the preincubation period, but the glutamate transport inhibitor t-PDC did block the glutamate effect. C, Preincubations performed in Na ϩ -free medium failed to stimulate glutamate uptake. Figure 5 . The GLT-1-specific uptake inhibitor dihydrokainate (DHK ) had negligible effects on both basal and glutamate-stimulated glutamate uptake. Glutamate concentrations were 0.1 mM both in the preincubation period and during the glutamate uptake assay. Data are means ϩ SEM, n ϭ 6; **p Ͻ 0.01. A, Glutamate preincubation induced a large increase in subsequent glutamate uptake rate. DHK did not attenuate this increase and did not significantly reduce uptake under control conditions. B, The presence of saturating DHK concentrations during the preincubation period similarly had negligible effects on glutamate uptake under both control and glutamate-stimulated conditions.
Signal transduction mechanisms
Glutamate transport has several effects on astrocytes, including membrane depolarization, cell swelling, and increased intracellular Na ϩ . Table 1 shows results of studies designed to determine whether glutamate-induced stimulation of uptake might be signaled through these effects. Glutamate uptake was not stimulated by depolarizing K ϩ concentrations, by preincubation in 180 mOsm medium (to induce cell swelling), or by incubation in veratridine, a Na ϩ channel ionophore. In addition, preincubation with 1 mM of other Na ϩ -dependent amino acid transporter substrates, cysteine, glycine, and GABA, also failed to affect the glutamate uptake activity.
Glutamate transporters have multiple PKC and protein kinase A (PK A) phosphorylation sites, and PKC activation by phorbol ester is reported to modulate glutamate transporter activity in several cell systems (C asado et al., 1993; Dowd and Robinson, 1996; Conradt and Stoffel, 1997; Davis et al., 1998; Ganel and Crosson, 1998) . However, pretreatment with the PKC inhibitor GF-109203X (Toullec et al., 1991) did not block the stimulatory effect of glutamate on uptake activity (Table 2), suggesting that PKC was not involved in the glutamate-induced uptake stimulation. The PK A and PKC inhibitor H7 (Lagord et al., 1993 ) also failed to block glutamate-induced uptake. Negative results were also obtained with pertussis toxin, an inhibitor of G i /G o -protein; wortmannin, an inhibitor of phosphatidylinositol 3-kinase (PI3K) (Clarke et al., 1994) ; the tyrosine kinase inhibitor genistein; Ca 2ϩ -deficient BSS plus the calcium chelator BAPTA-AM; and calcium channel blockade with Cd 2ϩ (Table 2 ). Recent studies indicate that cytoskeletal components are involved in several signal transduction pathways, as well as in transporter trafficking. As shown in Figure 6 , pretreatment of astrocyte cultures with cytochalasin B, an inhibitor of actin polymerization (MacLean-Fletcher and Pollard, 1980; Ohmori et al., 1992) , did not by itself affect glutamate uptake but did attenuate glutamate stimulation of glutamate uptake in a dose-dependent manner. Cytochalasin D, a similar but more specific agent (Rampal et al., 1980) , had a similar inhibitory effect on glutamateinduced uptake increase. Pretreatment with nocodazole, an inhibitor of microtubule formation (Jordan and Wilson, 1998) , did not inhibit glutamate-induced uptake.
Glutamate preincubation increases cell surface expression of GLAST
Transporter trafficking to the cell membrane has been previously shown to regulate EAAC1 (EAAT3) glutamate transporter function in the C6 glioma cell line (Davis et al., 1998) and other transporters in several cell systems (Tsakiridis et al., 1994; Qian et al., 1997; Quick et al., 1997; Wang et al., 1998; Bernstein and Quick, 1999) . We therefore used biotinylation labeling of cell surface proteins to determine whether the glutamate-stimulated increase in astrocyte glutamate uptake could be mediated by increased cell surface expression of transporters. Biotinylated proteins were separated from nonbiotinylated, intracellular proteins by using avidin-coated beads. Western blots were prepared from biotinylated and nonbiotinylated protein fractions, as well as from whole-cell fractions. The blots were probed with anti-actin antibody and with antibody to GLAST (Fig. 7A) or to GLT-1 (Fig. 7B) . The actin band provides an index of intracellular proteins present in each preparation. GLAST and GLT-1 bands were present at molecular weights corresponding to both monomeric and multimeric forms, as reported previously (Haugeto et al., 1996; Davis et al., 1998) . The effect of glutamate preincubation is apparent on the Western blots and in the pooled data from five independent studies shown in Figure 7C . Glutamate preincubation produced an increase in biotinylated (cell surface) GLAST protein and a decrease in nonbiotinylated (intracellular) GLAST, with no change in total cell GLAST protein. In contrast, glutamate preincubation produced no observable change in cell surface or total cell GLT-1 expression. Glutamate did appear to Glutamate uptake values are percentage (means Ϯ SEM) of uptake in control wells preincubated in the absence of glutamate or inhibitor. In all cases there was no significant difference between the groups preincubated with glutamate plus inhibitor and the groups preincubated with glutamate alone. Uptake in groups treated with inhibitor alone was in some cases lower than control (*p Ͻ 0.05), but uptake in all glutamate and all glutamate plus inhibitor preincubation groups was significantly greater than controls (p Ͻ 0.01; symbols omitted for clarity). BAPTA AM was added to cultures in C a 2ϩ -deficient BSS for 30 min and removed before preincubation in Ca 2ϩ -deficient BSS. C d 2ϩ and GF-109203X were added 6 min before the studies and maintained during the preincubation period. Pertussis toxin (PTX) was added to the culture medium for 18 h before the preincubation period. All other inhibitors were added 30 min before and maintained during the preincubation period. Figure 6 . C ytochalasin B (CytB) and cytochalasin D (CytD) attenuated the glutamate-induced stimulation of glutamate uptake, whereas nocodazole (Nocodz) had no effect. CytB, CytD, and Nocodz were added 1 hr before the studies and maintained during the preincubation period. Data are means ϩ SEM, n ϭ 6; *p Ͻ 0.05, **p Ͻ 0.01. reduce the nonbiotinylated, intracellular pool in some studies, but it should be noted that interpretation of changes in the GLT-1 intracellular pool is complicated by the fact that it is small even under control conditions, and this small pool may be overestimated to varying degrees by small contaminations from the much larger cell-surface pool of GLT-1.
DISCUSSION
The primary finding reported here is that glutamate can induce a rapid upregulation of astrocyte glutamate uptake. The studies further suggest that the glutamate-induced upregulation is signaled by increased activity of the GL AST (EAAT1) glutamate transporter subtype, and that the increase in uptake is mediated by increased cell-surface expression of GL AST. Additionally, a role for the actin cytoskeleton in this process is suggested by the finding that the increase in uptake activity is inhibited by cytochalasins.
Several factors support the conclusion that the glutamateinduced stimulation of glutamate uptake is triggered by increased activity of the glutamate transporters. The glutamate effect was mimicked by D-aspartate, which is also a transporter substrate, stimulation was blocked if the glutamate preincubation was performed in a Na ϩ -free medium, and stimulation was not blocked by glutamate receptor antagonists that are not substrates for the transporters. In addition, maximal stimulation of uptake was observed only at glutamate concentrations that saturate glutamate transport, and these concentrations far exceed known receptor affinities for glutamate.
The membrane biotinylation studies provide evidence that the increase in uptake is mediated by transporter translocation to (or decreased removal from) the cell membrane. The observed increase in transport V max with little or no change in glutamate K m is consistent with this mechanism. The time course of the glutamate stimulation also supports a trafficking mechanism, because the 12-21 min interval between onset of glutamate preincubation and the resultant increase in uptake activity shown in Figure 1 B is too fast to involve de novo synthesis of new glutamate transporters but is typical of the time interval required for changes attributable to membrane trafficking (Davis et al., 1998; Bernstein and Quick, 1999; Lissin et al., 1999) .
GLAST and GLT-1 are the only glutamate transporter subtypes known to be expressed by mammalian forebrain astrocytes, both in culture and in situ (Rothstein et al., 1994; Swanson et al., 1997; Gegelashvili and Schousboe, 1998) . In the present study, glutamate-induced stimulation of glutamate uptake is attributed to GLAST because the GLT-1 selective inhibitor dihydrokainate had negligible effect, and because GLAST but not GLT-1 exhibited increased cell surface expression. It is possible that different, as yet unrecognized transporters contribute to the stimulated uptake, but this seems unlikely because the magnitude of the increase is large (ϳ100%).
Glutamate has previously been shown to regulate glutamate transport in other ways. Expression of GLAST protein in cultured astrocytes is stimulated by prolonged exposure (7 d) to glutamate or kainate (Gegelashvili et al., 1996) , and this increase is accompanied by an increase in transport V max . Glutamate preincubation has also been reported to reduce extracellular glutamate concentrations in astrocyte cultures (Ye and Sontheimer, 1999) . Interestingly, this effect displays a time course similar to that observed in the present studies, occurs in response to metabotropic glutamate receptor agonists as well as to glutamate itself, but is not blocked by metabotropic receptor antagonists. Because many of the metabotropic agonists can also serve as substrates for the transporters (Harris et al., 1987; Ye and Sontheimer, 1998) , it is possible that this effect is also mediated by a substrate-stimulated increase in transporter activity.
Although the present studies suggest an upstream signaling mechanism by which increased extracellular glutamate concentrations may trigger the increase in glutamate uptake signal and a downstream effector mechanism by which the increase is accomplished, they do not establish an intervening signal transduction pathway. Previous studies have identified mechanisms controlling membrane trafficking of a predominately neuronal glutamate transporter, EAAC1 (EAAT3). In C6 glioma cells expressing EAAC1, PKC activation by phorbol ester leads to transporter movement from the intracellular compartment to the cell surface, whereas the PI3K inhibitor wortmannin decreased the membrane EAAC1 expression both in C6 glioma cells (Davis et al., 1998) and in neurons . Less is known about trans- Figure 7 . Glutamate preincubation increases cell-surface expression of GLAST. Western blots were probed with antibodies to GL AST and actin ( A) or to GLT-1 and actin ( B) . GL AST and GLT-1 bands were present at molecular weights corresponding to both monomeric and multimeric forms. The actin bands provide an index of intracellular proteins present in each preparation. Actin immunoreactivity in the biotinylated fractions was Ͻ10% of that in the total cell fractions, and actin immunoreactivity was approximately equal in preparations from control and glutamatetreated cells. Densitometry measurements of the GL AST and GLT-1 bands were pooled from five independent experiments ( C). GL AST, but not GLT-1, immunoreactivity was increased in the biotinylated (cell surface) fraction of astrocytes preincubated in 1 mM glutamate. GL AST immunoreactivity was significantly decreased in the nonbiotinylated, intracellular fraction in glutamate-treated cells. Glutamate preincubation did not affect total cell immunoreactivity of either GL AST or GLT-1. Data are means ϩ SEM, n ϭ 3; *p Ͻ 0.05, **p Ͻ 0.01. porter trafficking in astrocytes, but it has been reported that membrane expression of GL AST, but not GLT-1, is inhibited by phorbol ester . In the present study neither the PKC inhibitor GF-109203X nor the PI3K inhibitor wortmannin affected glutamate-induced stimulation of uptake, and various other interventions also failed to affect stimulation of uptake (Tables 1, 2 ). However, translocation of membrane proteins does not necessarily require signal transduction pathways. G-proteincoupled receptors (Grady et al., 1997) and ionotropic glutamate receptors (Lissin et al., 1999) appear to involve the conformationdependent interaction of the proteins with cytoplasmic regulatory proteins without intervening signal transduction, and this raises the possibility of a similar mechanism for glutamate transporters. Alternatively, the glutamate transporters themselves may serve as signal transducing units as proposed by Gegelashvili and Schousboe (1998) , who noted that the third intracellular domains of GLAST, GLT-1, and EAAC1 each contain a motif similar to that of the IGF-II and ␣-adrenergic receptors that bind G␣-subunits of G-proteins.
Substrate-induced upregulation of transport activity mediated by membrane translocation of transporters, as described here, has been reported recently in other systems. The binding of substrates to the 5-HT transporter can rapidly increase 5-HT uptake by inhibiting PKC -dependent internalization of the 5-HT transporters (Qian et al., 1997; Ramamoorthy and Blakely, 1999) . A substrate-induced rapid increase in GABA uptake was also observed in primary hippocampal cultures and in a cell line expressing the rat brain GABA transporter GAT1 (Bernstein and Quick, 1999) , with the increase in GABA uptake correlating with increased membrane GAT1 expression. PKC is also involved in the regulation of GAT1 activity and trafficking (Quick et al., 1997) , but in both the 5-HT and GABAergic systems the signals linking increased substrate exposure to PKC activity remain unknown.
The inhibitory effects of cytochalasin B and cytochalasin D on glutamate-stimulated glutamate uptake suggest that the actin cytoskeleton is important for either signal transduction or transporter translocation in this process. The cytochalasins impair actin polymerization and promote disruption of the actin cytoskeleton (MacLean-Fletcher and Pollard, 1980) . C ytochalasin B has, in addition to effects on actin polymerization, a direct inhibitory effect on glucose transport (Rampal et al., 1980) , but cytochalasin D does not have any known direct effect on glucose transporters or other transporter f unction.
The actin cytoskeleton has been linked to intracellular protein trafficking, transporter f unction, and signal transduction in several systems (Mills and Mandel 1994; Tsakiridis et al., 1994; Lamaze et al., 1997; Wang et al., 1998) . C ytochalasin D inhibits insulin-stimulated glucose uptake and prevents insulin-induced trafficking of glucose transporters to the plasma membrane in L6 rat skeletal muscle cells (Tsakiridis et al., 1994) and 3T3-L1 adipocytes (Wang et al., 1998) . In this system the actin filaments are thought to facilitate the insulin-induced relocation of PI3K to the intracellular glucose transporter compartment, rather than movement of the glucose transporters themselves (Wang et al., 1998) . One potential link between actin and known signal transduction systems is that activation of the Rho family of the small G-protein can induce a reorganization of the actin cytoskeleton (Hall, 1998; Sasaki and Takai, 1998) .
It is not known whether the two astrocyte glutamate transporters GL AST and GLT-1 have distinct physiological functions. Gene disruption studies suggest that GL AST, unlike GLT-1, may not be required for neuronal survival under normal conditions in brain (Tanaka et al., 1997; Watase et al., 1998) . The rapid upregulation of GLAST transport capacity in response to elevated extracellular glutamate concentrations observed here suggests that GLAST may have a unique function in feedback regulation of extracellular glutamate concentrations and glutamatergic synaptic activity. Studies by Tong and Jahr (1994) and Diamond and Jahr (1997) show that transporter binding of glutamate contributes to an early, fast reduction in synaptic glutamate concentrations in addition to the slow, later phase attributable to actual glutamate uptake [but also see Otis et al. (1996) ]. Translocation of GLAST to the astrocyte cell surface could therefore affect glutamatergic transmission in two ways: by increasing the number of glutamate binding sites and by accelerating subsequent glutamate uptake.
